We characterized three cis dominant mutations which elevate glucose 6-phosphate dehydrogenase level. Growth rate-dependent regulation and oxidative stress control of enzyme level were altered by the mutations. DNA sequencing and transcript mapping showed that the "up" mutations created new promoters whose hyperactive expression overrides the normal regulation of the native promoter.
In Escherichia coli, the specific activity of glucose 6-phosphate dehydrogenase (G6PD) increases twofold over a fourfold range of growth rate (10, 11) . This growth rate control of G6PD synthesis is due to a growth rate-dependent increase in transcription of zwf, the gene for G6PD (10) . Throughout the range of growth rates, zwf transcription originates primarily from a promoter located about 70 base pairs upstream from the monocistronic zwf gene (11) . Synthesis of G6PD is also induced by redox-cycling compounds such as paraquat (5) . Superoxide induction of zwf expression is under the positive control of the soxRS genes, which stimulate transcription from the normal, growth-rate-regulated promoter (4, 6, 14, 16) .
Three mutants with 3-to 18-fold elevated levels of G6PD were isolated by Fraenkel and colleagues (2, 3) . The responsible mutations, zwfLl to -L3, are cis-dominant and map to the promoter end of the zwf gene (3, 11) . As the zwfL mutations are among the few cis-acting mutations elevating expression of central metabolism genes, we wanted to know whether they are simple "up" mutations of the promoter, translation initiation region, etc., or whether they also alter growth rate-dependent regulation, in which case characterization of the mutations might provide insight into the mechanisms regulating zwf expression. In the work presented here, we show that the mutations do indeed alter growth rate control of G6PD level and the extent of superoxide induction, we locate the mutations by cloning and DNA sequencing, and we determine the basis for their effects on expression level and regulation.
Bacterial strains, growth conditions, and enzyme assays.
Congenic strains DF100 (HfrC tonA22 garB10 ompF627 relAl pit-10 spoTi T2r), DF101 (DF100 zwfLl), DF102 (DF100 zwfL2), and DF103 (DF100 zwfL3) were obtained from D. G. Fraenkel (3) . For determining the growth rate dependence of G6PD-specific activity, cultures of strains DF100 to DF103 were grown in glucose and acetate-MOPS (morpholinepropanesulfonic acid) minimal medium at 37°C under previously described physiological conditions (15) . The activity of G6PD in sonic extracts was assayed spectrophotometrically, and protein concentrations in the extracts were determined as described previously (11) .
Polymerase chain reaction, subcloning, and DNA sequencing. Polymerase chain reactions were performed with Taq DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) as specified by the manufacturer, using chromosomal DNA prepared as described before (13 We grew strains DF100 to DF103 in glucose or acetate minimal medium under standard phyiological conditions and assayed G6PD-specific activity. In agreement with previous observations (2, 3) , the zwfL mutations elevated G6PD levels in a given medium but had little or no effect on growth rate. However, we found that the zwfL mutations affected the growth rate dependence of G6PD levels (Table 1) . Whereas the G6PD level increases twofold with increasing growth rate in the wild type, it either decreases or remains constant in the mutants. The zwfL mutations did not affect the specific activity of 6-phosphogluconate dehydrogenase (2; data not shown). Thus, in addition to specifically elevating the G6PD level, the zwfL mutations alter the growth rate-dependent regulation of zwfexpression. The mutations also reduced the extent of superoxide induction of G6PD level effected by treatment with 0.5 mM paraquat from fivefold in the wild type to twofold or less in the mutants (data not shown). 624 NOTES M13 phages and sequenced the entire region from +1 to -709 (data not shown; 9). The sequences obtained by the two cloning methods were identical for a given strain.
Both the zwfLl and zwfL3 mutants contained the same single mutation, a base substitution at position -471. The mutations generated a putative TTGACT -35 sequence 17 bp upstream from a putative AATACT -10 sequence (Fig.  1 ). With DNA from the zwfL2 mutant, the only mutation was a 3-bp deletion at -641 to -643. Like the zwfl] and zwfL3 mutations, the zwfL2 mutation generated a TTGACT -35 sequence 17 bp upstream from a putative TATGAT -10 sequence (Fig. 1) . Thus, all three zwfup mutations appear to have created new promoters for the U70-containing form of RNA polymerase.
High-resolution transcript mapping of zwf mRNA from the zwJL mutants. The 5' ends of zwfmRNA from the up mutants were mapped by the primer extension method by using primers complementary to the regions about 100 nucleotides downstream of the expected 5' ends. The 5' ends of the zwfLl and zwfL3 mRNAs mapped to position -439; this transcript was not present in zwfL2 RNA, but prolonged exposure of some autoradiograms revealed a weak signal at this position in RNA from the wild-type strain. RNA from the zwfL2 mutant contained transcripts mapping to positions -606 and -608; neither wild-type RNA nor RNA from the zwfLl and zwfL3 mutants contained these transcripts. Using the Si nuclease method, we also mapped zwfLl and zwJL3 transcripts to the -440 region and a zwfL2 transcript to the -600 vicinity (9) . Thus, the map positions of the 5' ends of zwfmRNA from all three up mutants correlate perfectly with the transcription initiation sites predicted from the putative promoters created by the respective mutations (Fig. 1) .
We also made the following observations from these primer extension experiments and from additional Si nuclease transcript-mapping experiments (data not shown). (i) RNA from the up mutants contained transcripts mapping to -62 and -60 (9), the site of transcription initiation from the primary wild-type promoter (11) . Thus, expression from the promoters created by the zwfL mutations does not prevent expression from the normal promoter but rather is probably superimposed on it. (ii) The zwfL mutants also yielded transcript species whose 5' ends mapped to positions -154, -159, -178, -212, -250, -300, and -350; most of these transcript species could also be detected in RNA from the b The ratio of specific activity during growth on glucose to specific activity during growth on acetate.
Cloning and sequencing of the zwJL mutants. After a Northern (RNA) blot analysis indicated that the zwfL mutations elevated zwf mRNA levels in approximate proportion to G6PD levels, we used primer Z2, which is complementary to the beginning of the G6PD-coding sequence, to map at low resolution the 5' ends of zwf mRNA from the up mutants (data not shown; 9). Previous work showed that transcription from the wild-type zwf promoter initiates at positions -62 and -60 with respect to the start of the G6PD-coding sequence (11) . With RNA from the zwfll and zwfL3 mutants, a strong signal was obtained for a transcript mapping to about -450, and with zwfL2 RNA a transcript was mapped to about -600. Thus, these preliminary data suggested that the zwfL mutations lie far upstream of the wild-type promoter. Accordingly, the zwfL mutations of strains DF101 to, DF103 were cloned by the polymerase chain reaction by using primers Z7 and Z2. The amplified DNA was then subcloned into phage M13mpl9, and the entire region of two independent polymerase chain reaction products of each mutant DNA was sequenced, as was the cloned polymerase chain reaction product from wild-type DNA. Using a marker rescue method, we also transferred the up mutations from the chromosome of A (attX) wild-type strain, as noted previously (11) . Moreover, the relative amount of these species in the RNA isolated from a given strain correlated approximately with the strain's G6PD level. Thus, we presume that the zwfLl and zwfL3 mutations increase expression from a weak promoter and that these additional species arise by processing of the upstream transcript.
Computer analysis of the upstream DNA sequence. We used computer searches based on total information content (7) and back-propagation neural networks trained on the 17-bp spacing class of E. coli promoters (8) to analyze the upstream DNA sequences of the wild-type and the zwfL mutants. Both search methods found the zwfL2 promoter (TTGACT ... N17 ... TATGAT), while the zwfLllzwfL3 promoter (TTGACT ... N17 ... AATACT) was found by the neural networks but not by the information content method. The neural networks also found a promoterlike sequence starting at -584 (TTAACA ... N17 ... CA GACT). In searches of the wild-type sequence, both methods found a weak promoter at the site of the zwfL2 promoter (CGGACT . . N17 ... TATGAT), but neither algorithm identified a promoter at the site that gave rise to the zwfLl/zwfL3 promoters (TTGGCT ... N17 ... AATACT). We also note, as described previously (11) , that no other promoterlike sequence was found by either method in the region between -370 and the primary wild-type promoter. Thus, the computer programs were accurate in recognizing bona fide promoters, but they also gave rise to false positives.
Concluding comments. The zwf up mutants isolated by Fraenkel and colleagues were the first mutants producing elevated amounts of an E. coli central metabolism enzyme (2, 3) . Since G6PD purified from the up mutants was identical to the wild-type enzyme by a number of criteria (1) and since the zwfL mutations responsible for elevated expression were cis dominant and mapped upstream of known structural gene mutations (3), the zwfL mutants were thought to contain regulatory mutations, e.g., of the promoter or a hypothetical operator, although the possibility of genetic fusion to a gene expressed at a higher rate was also considered (2, 3) . Moreover, calculations based on the specific activity of pure G6PD indicated that zwfL2 expression is about twice as high as expression of P-galactosidase from a fully induced lac operon, making it one of the most highly expressed bacterial genes (3) . When the zwJL mutations proved to alter growth rate-dependent regulation and the extent of superoxide induction, we thought that characterizing the up mutations might help identify cis-acting zwf regulatory sites. In particular, previous work has shown that zwftranscription initiating at -62 or -60 with respect to the start of the G6PD-coding sequence is subject to growth rate-dependent regulation and regulation by superoxide (4, 6, 10, 11) . Unfortunately, although the zwfL mutations increase zwftranscription, they do so by having created new (or stronger) promoters far upstream of the normal regulated promoter (Fig. 1) . Thus, little useful information about normal zwf regulation can be obtained from our characterization of the mutations. Presumably, the growth rate-dependent expression of G6PD from the mutants is different from that of the wild type because it is the sum of expression from the wild-type and mutant promoters, with expression from the latter promoter predominating. Similarly, we would argue that the extent of induction by superoxide is smaller in the zwfL mutants than it is in the wild-type strain, because most zwftranscription originates from the upstream promoters, which are not targets for the positive control mediated by the soxRS locus.
One interesting question is why expression from the zwfL mutant promoters is stronger than that from the wild-type promoter (3-fold to 37-fold stronger, depending on the promoter and the growth medium). Visual comparison of the promoter sequences shows that the wild-type promoter has a poor -35 region, matching the consensus for E. coli promoters recognized by the c70 form of RNA polymerase at only three positions, while all three zwfL mutant promoters match the consensus at five of six positions (Fig. 1) . Enhanced recognition of the -35 region of the mutant promoters by RNA polymerase probably accounts for their elevated transcription initiation rate. In addition, the zwfL2 and wild-type promoters contain the three most highly conserved positions in the -10 region, but the zwfLIIL3 promoters lack the conserved T at the first position of the -10 region; the sequence difference at this position of the -10 hexamers may account for zwfL2 expression being higher than that from the zwfLJIL3 promoters.
We also note that although strains DF101 and DF103 contain the same mutation at position -471 and no other mutation between +1 and -708, they have different G6PD levels during growth on glucose and, hence, different growth rate induction ratios (Table 1) . Thus, the strains must differ at another locus. Indeed, strain DF103 is mucoid on minimal media at room temperature, while strain DF 101 is not. The mutation must have arisen after the set of putatively congenic strains was prepared (3).
